The extracellular pH (pH.) and intracellular pH (pHi) were simultaneously measured with HW-sensitive microelectrodes in the rabbit papillary muscle during normal arterial perfusion and no-flow ischemia. The preparation was kept in an artificial gaseous atmosphere (N2 and CO2 during ischemia) without a surrounding fluid layer. Cylindrical muscles of small diameters (< 1.0 mm) were selected to prevent major diffusion gradients of CO2 within the muscle cylinder during ischemia. 
T he acidification of the extracellular and intracellular space that occurs in acute myocardial ischemia results from metabolic reactions producing acid equivalents as well as from the accumulation of acid products after cessation of perfusion.1-6The main proton source appears to emerge from anaerobic glycolysis with associated formation of lactate and ATP, which releases protons on hydrolysis.3-5 The associated decrease in intracellular pH (pHi) and extracellular pH (pH,) is determined by the buffer capacities of the extracellular and intracellular spaces7 and by the net transmembrane transport or exchange of free and bound ions and buffers.
Knowledge of the changes of pHi during early ischemia is important for a variety of reasons: Intracellular pH is one of the factors determining the rate of anaer-obic glycolysis in ischemia and hypoxia,6 it is an important determinant of active tension development,8 and it is likely to contribute to the genesis of early ventricular arrhythmias. The arrhythmogenic effect may be mediated through several mechanisms: Accumulating CO2 affects extracellular [K+]9 and therefore may affect the resting membrane potential during ischemia.10 In addition, pHi was shown to modulate ionic membrane currents," Na+-Ca2' exchange,12 and electrical cell-tocell coupling13"14 in normoxic heart tissue.
Up to now several attempts have been made to quantify intracellular and extracellular acidosis in myocardial ischemia. The results differ considerably according to the methods and the experimental model used.
pHO was either estimated from pH in the venous effluent during low-flow ischemia or directly measured in the extracellular space using ion-selective electrodes. [15] [16] [17] [18] An analysis of the change in pHi in ischemia or hypoxia was made through the distribution of the weak acid dimethyl-2,4-oxizolidinedione'9 20 or by 31P nuclear magnetic resonance21-24 in whole hearts. Ion-selective microelectrodes have been used in subepicardial layers of ischemic guinea pig hearts and in a model of simulated ischemia (superfused guinea pig papillary muscle).25 '26 In simulated ischemia, it was shown that the degree of intracellular acidification depended significantly on the buffer present in the superfusate; the physiological CO2/HCO3-buffer system provided a better protection against intracellular acidosis than the presence of organic buffers. 26 The present investigation was carried out to determine the degree of extracellular and intracellular acidification in an ischemic rabbit papillary muscle that was arterially perfused with perfusate of different compositions before the ischemic event. The artificial gaseous atmosphere around the small tissue cylinder (no superfusion) allowed modification of the Pco2 in the cylinder during the ischemic period and assessment of the CO2 effect on the development of acidosis. The present results suggest that acidification in blood-perfused ischemic tissue is considerably less than in tissue perfused with CO2/HCO3-or organic buffers alone. Moreover, the degree of acidification will depend on whether CO2 formed by metabolic acidosis will accumulate or partially diffuse along a concentration gradient (e.g., at ischemic boundaries).
Materials and Methods

Preparation and Perfusion of Papillary Muscles
The method for the preparation of the arterially perfused rabbit papillary muscle has been previously described and illustrated in detail. 27 The tendinous end of the papillary muscle was fixed to a force transducer (model AE802, SensoNor, Horton, Norway) and stimulated through a platinum wire at a constant cycle length (600 msec). The resting length of the muscle was slightly stretched to approximately 20% of slack length. After amplification, the sensitivity of the transducer was 50.7 mV/mN. The contribution of active or resting mechanical tension of the interventricular septum to the mechanical signal recorded from the papillary muscle was avoided by pinning the interventricular surface to the wax platform close to the insertion of the papillary muscle. The base of the papillary muscle (insertion to the interventricular septum) was additionally fixed by a Perspex ring (Figure 1 ), which was mounted on a separate micromanipulator in the first series of experiments. The contribution of the interventricular septum to active tension development, which was controlled by keeping the papillary muscle slack, was <5%. 28 Measurements of the pH of the Perfusate, Pco2, and Po2 in the Artificial Atmosphere Surrounding the Cylindrical Muscle
Perfusate. The partial pressures of 02, N2, and CO2 were controlled with a custom-built membrane gas exchanger. The pH of the perfusate was continuously monitored during the experiment by a pH glass electrode introduced into the perfusion line. The relative amounts of N2 and C02 (02 was constant at 100 mm Hg during normoxic blood perfusion) were adjusted to yield the required pH of the perfusate. The Pco2 and [HCO3-] in the perfusate was measured with a blood gas analyzer (Ingold, Urdorf, Switzerland). Stainless-steel tubing was introduced between the membrane gas exchanger and the recording chamber to prevent diffusional losses. Po2 of the perfusate was measured with an oximeter (Oximeter 282, Biomedan AG, Schliern, Switzerland).
Artificial atmosphere of the recording chamber. The Pco2 surrounding the preparation was set to the Pco2 of the perfusate. Consequently, the initial pH value on the surface of the muscle corresponded to the pH of the perfusate, and homogenous concentrations of HCO3-, H+, and Pco2 were achieved along the radius of the muscle before the termination of perfusion (ischemia). The flow of the gas mixture was directed through the recording chamber in such a way that a steady convective flow of H20-saturated gas around the muscle was achieved. The total chamber volume was exchanged within 30-45 seconds by the continuous gas flow.
Before the termination of flow (1 minute), the atmosphere in the recording chamber was changed from a mixture of CO2 (5%), N2(75%), and 02(20%) to a mixture of C02(5%) and N2(95%). The volume fractions of 02 and CO2 in the recording chamber close to the muscle (at a 0.5-mm distance above its surface) were measured before and during ischemia. One milliliter samples of the gas were introduced into a burette, and the volume fractions of 02 and CO2 were determined by adsorption at constant pressure and temperature (modified Scholander method30). The Figure 3 . For this figure, the values obtained within 2-minute intervals were pooled together and averaged. The muscles were stimulated at a cycle length of 600 msec. To minimize accumulation of CO2 within the preparation, very small muscles with a diameter of 0.97+0.04 mm were selected (see "Discussion"). In the extracellular space, there was a continuous acidification to a pH0 of 6 
Effect of Pco2 on the Changes ofpHO and pHi
Myocardial ischemia is characterized by a rapid accumulation of CO2 in midmural ventricular layers of large hearts (dog" 2). Whereas the production of CO2 by aerobic metabolism ceases after coronary occlusion, CO2 is formed from HCO3-as a consequence of metabolic acidosis, and the transport of CO2 by circulating blood is stopped after perfusional arrest. This is because continuous binding and transport of CO2 by circulating blood ceases after perfusional arrest. Depending on the location of the ischemic tissue within the whole ischemic zone (subendocardial, midmural, subepicardial, and border zone), accumulation and diffusion of CO2 may affect the changes in pH0 and pHi to a variable extent. In the present experiments, the effect of CO2 by increasing the Pco2 in the surrounding atmosphere of the recording chamber was tested in two series of experiments.
In the first series of experiments, as shown in Figure  4 , the Pco2 was increased continuously between 5 and In a model of simulated ischemia, a marked effect of replacing bicarbonate by an organic buffer (HEPES) has been reported.26 In Figure 8 , the effect of HEPES (5 mM)-buffered erythrocyte-free perfusate on pHO and pHi is shown in three muscles. A significant fall in both pH, and pHi was observed before 8 minutes of ischemia. The values of pHO and pHi were 6.19±0.12 and 6.17±0.01 at 8 minutes of ischemia, respectively. Determination of pHi value beyond 8-10 minutes of ischemia was not possible because the impalement of microelectrodes was extremely difficult in the presence of the marked ischemic contracture (see Figure 9) . One additional single experiment showed that the total tissue resistance rapidly increased after 8 minutes, which indicated a very early onset of cell-to-cell uncoupling. 28, 35 Changes in Active and Resting Tension Changes in pHi affecting actively developed tension and resting tension were assessed by simultaneous measurement of mechanical tension and pHi during the test conditions illustrated in Figures 3, 7 , and 8. The rate of fall in twitch tensions during the first 5 minutes of ischemia was not significantly dependent on the presence of red blood cells in the perfusate ( Figure 9A ). This condition, affecting pHi, had only a small effect on the decline in twitch tension. No effect was observed in CO2/1HCO3--buffered erythrocyte-free perfusate, whereas a small but significant acceleration of decline in active tension was measured in the HEPES (5 mM)-containing perfusate. Part of this effect was probably due to the failure of electromechanical coupling, because a very rapid development of cell-to-cell uncoupling and loss of membrane excitability was observed in a single control experiment in the latter condition. The change in resting tension during the control condition (constant Pco2, 35 mm Hg) was identical to that previously observed28; i.e., the resting tension did not increase during the first 12-18 minutes of ischemia. By contrast, removal of red blood cells, for C02/ HCO3--buffered perfusate, produced a significant isch- The present experiments qualitatively confirm previous reports on simultaneous measurements of pH, and pHi in subepicardial layers of ischemic guinea pig hearts25 and in simulated ischemia of guinea pig papillary muscle.26 In these experimental situations, intracellular acidification was smaller than extracellular acidification. As a consequence, the extracellular space became more acid than the intracellular space in the course of early myocardial ischemia. These results are seemingly in contrast to measurements of pH, and pH, obtained with 31P nuclear magnetic resonance in isolated rat hearts,36 which revealed a close approximation of pH0 and pHi without reversal of the transmembrane pH gradient. This difference may at least partially be explained by the fact that the nuclear magnetic resonance technique takes an average over a whole heart, whereas the microelectrode technique provides a local measurement. In the first case, the effect of CO2 accumulation and diffusion across boundaries between ischemic and surrounding tissue will be masked. Interestingly, the same qualitative relation between pH, and pH, with the reversal of ApH was observed at different values of Pco2 and pHi before ischemia and at low and high Pco2 during ischemia. This finding favors the hypothesis of a crossing over of pH0 and pHi at most sites in the ischemic myocardium independent of CO2 accumulation. However, the present results do not provide full proof for the generalization of the observed relation between pH0 and pHi. For technical reasons, it is not possible to exactly measure Pco2 at a microlevel (diameter of smallest electrodes, 0.5 mm37) and to mimic the exact time course of CO2 accumulation as encountered in vivo. The final answer to this question will be difficult to provide, although surface cells were fully ischemic (no flow, no extracellular washout, and no 02 supply) in the present experiments. This is because the known techniques to measure pHi either include an averaging technique (dimethyl-2,4-oxazolidinedione'9 or nuclear magnetic resonance21) or are confined to surface cell layers (ion-sensitive microelectrodes26,27 or H4 fluorometry38).
Net Outward Transfer of H' Table 1 shows an estimation of net extracellular H4 transfer made by calculating intracellularly and extracellularly bound H4 and using the data given in Figures  3 and 4 . For these experiments, cylindrical muscles of very small diameter (< 1 mm) were selected to maximize CO2 diffusion into the surrounding atmosphere (with constant Pco2) and to minimize CO2 accumulation in the core of the muscles during ischemia (see next paragraph). With with an initial increase in active diastolic tension and subsequent rigor development. In the case of myocardial ischemia, the onset of ischemic contracture coincides with an increase in average free cytosolic Ca 2+ ,63,64 with the onset of cell-to-cell electrical uncoupling,28 and with the onset of the second phase of cellular K' loss. 28 Both the onset and the rate of contracture development and electrical uncoupling can be modified by Ca21 entry blockade.28 On the basis of such comparisons, the marked and delayed increase of cytosolic [Ca 2+] was given a possible important role as a trigger for ischemic contracture and for induction of cellular ischemic damage. In our experiments, the various interventions that caused a significant early decrease of pHi were associated with contracture development. The mechanism that underlies the relation between intracellular acidification and contracture is not clear. The observation that the rapid acidosis and the contracture, which were observed with a perfusate containing low buffer concentration before ischemia, were followed by electrical cell-to-cell uncoupling may suggest that the decrease of pH, was associated with an increase of cytosolic [Ca2+].
This would be in accordance with the observed inverse relation between pHi and [Ca2+1.52 However, acidosis per se at a given level of internal free [Ca21] delays the development of ischemic contracture. This has been observed in metabolically inhibited cells that remained, in the presence of elevated free [Ca2+], in a relaxed state and developed immediate contracture on alkalinization.65 A possible explanation for the association of acidification with contracture may be given by the well-known finding that H' acts as an inhibitor of glycolysis.66 Inhibition of metabolic acid extrusion by a low extracellular buffer capacity could lead to an early inhibition of glycolysis, thereby promoting ATP depletion and contracture development. In isolated cells, acidification developed when glycolysis and oxidative metabolism were inhibited.64 Thus, the observation that acidification continued during contracture development in our experiments does not seem to contradict this hypothesis.
The fact that the presence of red blood cells in the perfusate significantly influenced both contracture development and pH, might also explain why electrical uncoupling and contracture developed relatively late (after 15-20 minutes of ischemia) in the blood-perfused rabbit myocardium23 and significantly earlier (after 5-10 minutes of ischemia) in the crystalloid-perfused ferretM4 and rat65 heart. In summary, the red blood cells present in the intravascular space during ischemia form an important proton acceptor during ischemia and partially delay the decrease of pHi during the first 10 minutes of ischemia and ischemic contracture. Moreover, the variable degrees of diffusion and accumulation of carbon dioxide predict a considerable inhomogeneity in the changes of pH,I and pHi across the ventricular wall and at lateral boundaries between ischemic and nonischemic tissue.
